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Abstract 
  The climate of a representative section of a subway station is modeled using a 1-dimensional Modelica based software called 
IDA Tunnel. Station building maps, rolling stock schematics, ventilation rates, and passenger traffic information are used to 
achieve a near realistic model of the London Underground’s Central Line, as a representative case study. The system’s heat 
sources and sinks are identified, and the model is calibrated using onsite temperature sensor data in the station platforms and 
tunnels. A parametric analysis is performed on the system’s heat sources and sinks to identify the key factors that influence the 
subway station’s climate. Results show that having low outer wall tunnel temperatures can be most effective in lowering the 
temperatures during peak periods, followed by regenerative braking and increased ventilation rates. These results can allow 
analysis of alternative cooling methods under future train and passenger traffic scenarios on the passengers’ transient thermal 
comfort in subway stations. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Subway stations, unless air-conditioned, can suffer from severe overheating problems in the summer. Indeed, in
addition to poor ventilation in deep underground spaces, the heavy use of electricity to power the train carriages and 
the auxiliary systems along with train braking in a subway station generates large amounts of rejected heat, resulting 
in a substantial increase in the subway station’s air temperatures. This significant temperature increase when 
coupled with high ambient temperatures can lead to passenger discomfort and health issues [1]. This is specially the 
* Corresponding author. Tel.:+447979267453; fax: +441223332662.
E-mail address: am2081@cam.ac.uk
Available online at www.sciencedirect.com
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL
 Adnan Mortada et al. /  Energy Procedia  78 ( 2015 )  2262 – 2267 2263
case for old and deep subway stations that were built before the invention of air conditioning and modern ventilation 
and were not designed to accommodate high numbers of passengers (as in the case of London Underground (LU) 
which is the oldest underground rail system dating back to 1863). To investigate these issues and tackle the 
overheating problems in an energy efficient manner, a representative section of an old subway system -- the tunnels 
and the platform -- is modelled. A parametric analysis of the parameters representing the subway system is 
conducted to understand the key factors that influence the subway station’s climate. 
2. Model setup
2.1. One dimensional model: 
Modelling the environmental conditions in the underground requires the combination of heat transfer and fluid 
equations that are transient in nature. 3D numerical methods can be employed to model subway systems with high 
accuracy, but are limited to small scales because of their high computational cost [2]. One-dimensional models are 
suitable for simulating the underground's environment on a large scale of kilometres, but don't provide accurate 
analysis of small scale optimization problems, such as redesigning ventilation shafts, or particular tunnel sections 
[3], since 1 D methods use a simplified representation of the tunnels and ventilation ducts. Parsons Brinkerhoff 
developed the Subway Environment Simulation Program (SES) under the supervision of the United States 
Department of Transportation in 1976 [4]. The SES enables underground designers to estimate the temperatures, 
airflows, and humidity as well as air conditioning requirements for subway systems. SES has been the benchmark of 
subway system modelling and continuous to be used till today. IDA Tunnel is a more recent one-dimensional 
Modelica based tunnel environment simulation program that was developed by EQUA in 1995 [5]. It is based on the 
SES modelling approach, but resolves a lot of its drawbacks. Multiple geometrical thermal parameters can be 
inputted into the IDA Tunnel model to simulate the environmental conditions and airflows including pollutant 
dispersal. The work presented in this paper employs IDA Tunnel to model an existing old subway line.  London 
Underground’s Central Line (CL) serves as a representative case of an old subway system that suffers from 
overheating and ventilation problems. 
2.2. IDA tunnel underground model representation: 
Modelling the entire Central Line (CL) would be cumbersome and computationally penalizing, since it takes 
several hours to simulate just a single day of operation of a subway system. Consequently, a representative section 
of the CL is modeled (figure 1) which would emulate the characteristics of the subway system as a whole. The 
model constitutes 4015 m of bi-directional continuous tunnels westwards and eastwards, and 3 platforms of 140 m 
in length each. Tunnel sections A & D (which are open to ambient) and platforms 2 & 3 serve to homogenize the 
underground climate conditions and therefore provide feasible boundary conditions for tunnel sections B & C and 
platform 1. This sub-section of the CL is similar to the ones found in majority of the CL system, with the exception 
of the tunnels and platforms close to the tunnel exits. The tunnel lengths between platforms 1, 2 & 3 are typical for 
CL stations in central London, while the tunnel diameter is 3.57 m. The middle station at platform 1 is modeled 
based on the Tottenham Court Road CL station schematics [6], as most of the CL stations follow similar design 
patterns. The modeled station box includes the passenger entrance, ticketing hall, escalator and passages. The model 
assumes no interference from other lines in the station. Also, the cross service tunnels between the eastward and 
westward bound tunnels are neglected, since their effects are localized. 
2.3. Boundary conditions, materials, and heat sources 
The model’s boundary conditions consist of the outside ambient climate conditions and the surrounding soil. The 
weather profiles for London were generated using Meteonorm, a software that outputs a statistical weather profile 
based on recorded climate conditions between 1996-2005. The weather data input into IDA Tunnel includes:  
air temperature, relative humidity, wind speed and wind direction. The outer ambient conditions act on the tunnel’s
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Figure 1. IDA Tunnel Schematic for the Central Line Model. 
Entry/exit points (west and east), the entrances of station boxes, and the ventilation shafts. The background soil 
temperature is set to 14 C, based on recorded temperature measurements [7]. The tunnel wall is composed of a thin 2 
cm cast iron layer, followed by a 10 cm grout layer, while the surrounding soil is composed of London Clay. The 
soil is assumed to be infinitely thick because the CL stations are typically at a depth of 30 m, where the background 
soil temperatures are fairly stable.  The upper first floor of the station is made of a composition of brick walls and 
glazing. The ventilation fans in the LU are generally operated at full capacity 24 hours a day all around the year. 
High capacity ventilation shafts (see figure 1) are operated in exhaust at approximately 30 m3/sec [1]. 
 
The heat sources in the subway are accounted for in every section of the model. The station contains lights, signs, 
and advertisements, while the tunnels contain lights and stop signs. There are also lifts, escalators and ticketing 
machines operating in the station box. The passenger’s numbers in the station are modelled based on LU reports that 
account for the numbers of passengers entering/exiting the station throughout a day [8]. The passengers are assumed 
to be walking on their way from the station entrance to the platform, and remain standing in the platform, where 
their metabolic rate is specified to be 207W and 126W respectively [9]. The passengers are assumed to be 
distributed equally among the station sections, in which a third are in the upper ticket hall, a third in the escalators 
and passages, and a third in the platforms. The rolling stock used in CL is the 1992 Stock, and their specifications 
and dimensions are obtained from reports provided by TfL [10]. The train schedules are provided by LU: there are 
462 trains/day and 37 trains/hour at peak times (8-9 am & 5-6 pm). There are two Routes in the model: eastbound 
and westbound. Figure 2 shows the contributions of the different heat sources during peak times in the system. 
 
2.4. Model calibration and parametric variations 
The model is at first executed for 114 years on 
‘long-term mode’ to estimate the initial ground 
temperatures in the end of year 2012, since the CL 
has been operating for around a century. Long-term 
simulation mode simplifies the model so that 
computations can run at an acceptable time. The 
model is then simulated in detail, per minute, for 
the year of 2013. The simulated tunnel and platform 
temperatures are compared with temperature sensor 
data for the CL in the same year (obtained from UK 
Transport for London). A rough sensitivity analysis 
is conducted, by changing values of one parameter 
at a time, on parameters that would likely influence 
the CL climate. At peak times, braking contributes 
Figure 2. Peak Time Heat Source Distribution in the Central Line. 
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to approximately 61% of heat dissipation in the subway system (figure 2), as the 1992 stock has no brake 
regeneration. Passenger traffic contributes approximately 34% as heat source.    
Table 1. Case descriptions of the parameters to be studied using the IDA Tunnel Central Line model. 
Cases Description 
Scenario A : Soil Temperature 8 C & 18 C back ground soil temperature and 8C soil temperature at 0.4 
m distance from outer wall (sections B & C only, platforms excluded).   
Scenario B : Ventilation Rate No ventilation, and quadrupling ventilation rate to 120 m3/sec per shaft. 
Scenario C : Brake Regeneration 
Scenario D : Train Traffic 
Regenerative braking rates (Regen) of 20% & 40% 
+50% & -50% in train traffic, and combined +50% Traffic & 40% 
regenerative braking. 
 
3. Results and discussion 
3.1. Model verification 
After the long term simulations, the obtained ground temperature radial profile is used to simulate the model for 
an entire year at a time step of 1 min. The temperatures of tunnel sections B and C (figure 1) are similar so the 
tunnel section C is used to display the simulated tunnel temperatures, whereas the simulated platform temperatures 
are shown for platform 1. Temperature sensor data was obtained for the operational times (6 am to midnight) in the 
form of a linearized relationship between the outer ambient temperature and the temperature measured in the tunnels 
and platforms. Data shows that platform temperatures tend to be around 2 C warmer in average than the tunnels, 
because of localized train braking (figure 3). The simulated temperatures for the tunnel and platform during 
operational hours are plotted in figure 3a and figure 3b against measured data. As shown, the simulated temperatures 
for both the tunnel and platform are very close to the measured data, when fitted linearly. The linear fit for the 
simulated platform temperatures indicates that the model predicts a slightly cooler platform temperature at low 
ambient temperatures (winter conditions). This difference can be attributed to air-heated train cabins during winter 
conditions which is not included in the model, and nor are additional sources of spot/localised heating in areas of the 
subway stations (eg information and ticketing offices). The simulated tunnel temperatures (figure 3b) match the 
measured data, except for a slight 0.5 C higher temperature prediction at 30 C ambient temperature. This slight 
difference can be attributed to the simplification of the tunnel system in the model. Indeed, cross tunnels between 
eastbound and westbound tunnels were neglected in the current model. Thus, the model has slightly less tunnel 
volume than the actual tunnel, but similar amount of heat dissipation 
Figure 3. Central Line IDA Tunnel model simulation for (a) platform and (b) tunnel temperatures and comparison with measured data. 
a) b) 
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3.2. Parametric analysis 
A parametric analysis was conducted on the verified model to quantify the extent to which existing heat sources 
and sinks could be utilized to lower the subway system temperatures during overheated periods. The two main heat 
sinks (A) background ground temperatures and (B) ventilation rates and two main heat sources (C) train brakes and 
(D) train traffic are selected for the analysis. Table 1 lists their variations. The results of scenario A (figure 4a) show 
that varying the background ground temperature to 18 C and 8 C has a slight effect on the CL climate in both the 
platform and tunnel. This is because the background soil temperatures are around 50 meters far from the tunnel, 
where the tunnel’s thermal interference with the background soil temperatures is minimal. On the other hand having 
8 C soil temperature at 0.4 m distance from the outer wall of the tunnel has a significant effect on the subway’s 
climate where temperatures have dropped by 5 C and 6 C in the platform and tunnels respectively from 32 C and 31 
C to 27 C and 25 C respectively during summer conditions. To achieve these low temperatures in the proximity of 
the tunnel wall, a cooling effect is needed such as either a ground source heat pump or ground water cooling. In 
scenario B (figure 4a), the platform and tunnel air temperatures increase 3 C and 2 C respectively when the 
mechanical ventilation is turned off, as fresh air intake is only through the train’s piston effect and openings in the 
station & tunnel exits. Increasing the ventilation rates by 4 times would only lower the temperatures by around 1 C 
during summer conditions, because increasing the ventilation rates would bring the LU temperatures closer to the 
ambient conditions which are already high during summer. However, during winter there is a significant decrease in 
the tunnel and platform temperatures, and the effect is more prominent in the platforms because the ventilation 
a) 
Figure 4. Comparing the original simulated Central Line linear fitted platform and tunnel temperatures with (a) Cases A & B and (b) Cases C & D. 
b) 
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shafts are situated close to the platforms. Results of scenario C (figure 4b) show that equipping trains with 20% and 
40% regenerative braking will decreases the temperature in both the subway platform and tunnel by 2 C and 1 C 
respectively. The current CL 1992 rolling stock has no regenerative braking, while the new S7 and S8 Stock 
servicing some of the other subway lines in London have 20% regenerative braking [10]. The simulations for 
scenario D (figure 4b) show that increasing the train traffic by 50% significantly increases the temperatures in the 
tunnels and platform by 2 C. Decreasing the traffic by 50% will decrease the temperatures in the tunnels and 
platform by 1 C during summer conditions, while there is a significant decrease in temperatures by around 5 C 
during winter conditions. As the train traffic decreases the CL climate tends to get closer to the outer ambient 
conditions. This is clearly shown in the platform temperature’s slope, because the station interacts more than the 
tunnels with the outer ambient conditions. Combining +50% traffic with 40% regenerative braking results in similar 
temperatures to the original CL simulation during summer conditions because the increase in released brake heating 
due to +50% traffic is balanced by brake heat reduction due to 40% regenerative braking. However, during winter 
conditions air temperatures are reduced in the platform and tunnels by 2 C, since less heat is released by each train 
even though there are +50% trains running in the system. It is predicted that by 2020 upgraded signaling and new 
control centers in the LU will allow for 30% increase in CL rail traffic, where it is projected to transport +60% 
passengers [11]. 
4. Conclusion  
A 1D model was developed using IDA Tunnel to model the climate conditions in the LU’s Central Line station 
and tunnel, which is considered the busiest in the LU system. The simulation results are verified with measured 
temperature data in both the platforms and the tunnels. A parametric analysis was conducted on four major heat 
sources and sinks in the model to assess their influence on the LU climate, particularly during summer conditions, 
where passengers experience discomfort due to elevated air temperatures. The most prominent cooling of the 
subway during summer conditions occurs when soil temperatures close to the outer tunnel wall (0.4m) temperatures 
are lowered to 8 C, where the air temperatures of the platform and tunnels decrease by 5 C and 6 C respectively. 
Increasing the ventilation rates does lower the temperatures of the system slightly during summer, however it is 
constrained by outer ambient conditions, where high outside ambient conditions would result in high air 
temperatures within the LU system. The model has also shown that regenerative braking rates of 20% and 40% have 
a slight effect in lowering the CL temperatures by 1C and 2C respectively. However, the cooling effects of 40% 
regenerative braking are negated by a +50 % increase in train traffic. Future work constitutes assessing the 
feasibility of using ground source heat pumps in the vicinity of the tunnels in order to lower the tunnel wall 
temperatures. Also, the effects of predicted increase in passenger and rail traffic and climate change on the LU 
climate will be studied. 
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